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. .IX 


■ABSTRACT - ' 

Tile differential oross section for tiie reactions 
p+d— ^p+d and p+d->- He^+TC° lia,s teen calculated taRing 
Born diagrams alone, Bor this first reaction we evaluate 
backward scattering only where the nucleon exchange is 
most predominant. The He® pole contribution is foimd 
to be small , Bor the reaction p+d —> He®+a° we evaluate 
both nucleon and He® pole contributions. Ife set up npd, 
PdHe®, He®He®-n;° vertices. The npd and pdHe® form factors 
vfhich are related to the Bourier transform of deuteron 
and He® wave functions are obtained in closed form. The 
results are compared with the availabfe experimental data 
and found to be in fair agreement. ¥ith the help of 
this pd amplitude we generate the He® pole by H/d method. 
As the binding energy of He® is small the residue at the 
pole can be obtained analytically, finally we explore 
the possibility that the oross section of the reactions 
p+p d+ Tf'*’ k+d-> p+/^ and p+d -e- He®+ may have 
several peaks in them, We write do?m analytical expre- 
ssions for the positions of the peaks. The experimental 
results obtained so far are consistent with our results. 



CHAPTER I 


IHTRODUCTIOl 

Recently there has been a great deal of interest 
regarding the elementarity of elementary particles* One 
group of people believe that there exists a set of particles 
which form a previleged class and all other mechanisifl cto "be 
understood through them* But, the other group believe s that 
all nuclear particles can he dealt at the same level of 

1 . 

elementarity. They give it a name, the nuclear democracy'^ 
But, most of the people still feel very much confused about 
this matter. Let us ash the question - what is an elementary 
particle? Is there any fundamental difference between a 
proton and a deuteron? in elementary particle is an elemen- 
tary object which can not be further subdivided. It does 
not have any structure, Deuteron consists of two particles, 
neutron and proton* So it cannot be an elementary particle. 
The exponents of nuclear democracy do not agree to this"', 
assertion. They say that the difference between a proton 
and a deuteron is completely quantitative in nature and 
as such this difference is artificial* In an exact formu- 
lation of the bound state problem proton, for an example, 
can be considered as a bound state of (A , h), in as much as 
the deuteron is a bound state of(n,p). 

This idea has been extended to what is now called 
Nuclear Democracy ^ In this rule of law all particles are 
based on the same footing. The forces, that bind up two • 
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particles are entirely due to particles "being exchanged in 
the crossed channels. Then they are all connected throtigh a 
set of bootstrap equations which in principle can he solved 
self consistently. 

Although this idea is being piirsued very seriously, 
one is not yet sure that the idea of nuclear democracy is 
correct. ^It is too soon to tell with absolute certainty that 
there are no aristocrats among nuclear particles: theorists 
continue to investigate, for example, the possibility that 
certain spin one mesons may play a distinguishing role aha- 
logons to that of photon, with arbitrary masses and coupling 
constants. My stand point here, however, is that every 
nuclear particle should receive equal treatment under law 
(Ohew). 


In the absence of any definite criteria to distin- 
guish elementary from composite particles or any definite 
assertion that they are the same we suggest a different 
approach. The theories and method that have been developed 
for so called elementary particles alone should be applied 
to the reactions involving composite particles like deuteron 
or He’’, If they give good results we can say with some 

certainty that the composites are no different than elementary 

2 

particles. To Weinberg, however, there exist definite 
criteria which distinguishes between an elementary and a 
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where Z = 


I I , the prohability of finding a bare 


V 


elementary particle in a stable dressed state, Z can be 
related to physically measurable quantities. He concludes 
that deuteron is a composite particle, not elementary. 


At this point we do not enter into the controversy 
whethr the Lagrangian theory is correct or not. It is quite 
plausible to thinh that there can be some approach within 
the frame work of lagrangian method but different from 
perturbation theory. Even otherwise we know that there are 
many results which are easily obtained from the lagrangian 
field theory, but can be otherwise obtained by a more 
cumbersome method. So instead of setting up a lagrangian 
for the interacting system, we just start by writing dov?n 
the vertex functions for composite particles. Then we 
caiGulate the differential scattering cross section from the 
pole diagrams and compare with the experiment where it is 
supposed to have best agreement. If we get good agreement 
we can say that they are as much elementary as any other 
particle s. 


In this thesis we have pursued this idea whole 
heartedly. To be specific, we have considered few reactions 
where He'’ and deuteron are involved and where nucleon exchange 
plays a dominant role. Although our results do not present 
themselves as very strong evidences in support of the nuclear 
democracy, they provide enough stimulation to keep o\ir 
interests alive and take up further investigations. The lack 
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of good agreement may "be due. to our poor knowledge of deu- 
teron and He® wave- functions. 

In Chapter II we review the one-partiole exchange 
processes. It is shown that perturbation theory fails for 
strong interaction processes, hut the pole terms can still 
provide a good approximation in some specific cases* We 
also discuss form factors, Regge poles and absorption corre- 
ction. The one nucleon exchange processes are slightly more 
difficult to understand than the one pion-exchange processes. 
At the end we survey a few papers on nucleon pole diagrane 
and give the idea of form factors. 

In Chapter III the proton deuteron elastic scattering 
is discussed. Two methods are usually used for this study* 
They are the impulse approximation and the method of separa- 
hie potentials . These methods are briefly discussed. 

Then we go to the nucleon exchange diagrams. We obtain npd 
vertex, form factors and then proceed to calculate differeur- 
tial cross section in backv/ard direction. This is compared 
with experiment and is found to have good agreement. 

The Chapter IV deals with the reaction p+d-^ , 

Here we construct pd He® and He®He®n; vertices, calculate the 
cross section and compare with experiment. 

In Chapter Y we take a slightly different attitude. 

We generate the He® pole in pd amplitude by the exchange of 
a neutron in crossed channel. We obtain a pole with all the 
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q^uantum numbers of He®, But, the mass corresponding to the 
pole position is slightly more than He®, The position of the 
pole is dependent on the strength of the interaction. This 
tells that He® is a bound state of p and d. This, of course, 
we all loiow. But, this tells us one thing more that He® is a 
boimd state of p and d exactly in the same way as N is a 
bound state of K and/\i 

In Chapter VI we investigate the existence of the 
peaks in the cross sections of the reactions, p+d-^He®+-X, 
p+p — > d+'rt'^, k+d-^- p+A • Some of the peaks have already been 
observed experimentally.. We write down analytical express- 
ions for the positions of the peaks without assuming the 
existence of two and three baryon resonances. 

In appendix we discuss more about npd vertex follow-^ 
ing Mathews and Deo, ¥e derive their results and utilise 
these results to obtain a general vertex which, in the 
neighbourhood of pole, goes to the results of B1 ankenbe o ter , 
Goldberger and Halpern, At the end we show the explicit 
relation between the deuteron wave function and the npd 
vertex form factor.- • 
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GHAPTER II 

One Paxtiole Exchange Models 
2.1, Perturbation Plieoryt 

In non-relativistio quantum meohanios the inter- 
action between two particles can very well be desciribed 
through, a potential, A hamiltonian H can be defined which 
can be separated into two parts-kinetic energy and potential 
energy. In many oases the hamiltonian H can also be separa- 
ted into two parts 

H = (1) 

where is that part of hamiltonian for which the Schroedinger 
equation 

9 =E9^ (2) 

can be solved exactly. With this we can make a perturbation 
calculation and obtain the solutions for perturbed eigenvalues 
and eigenfunctions, A necesary condition for perturbation 
theory to work is that Hj must be small compared to, In 

the relativistic theory we do not have any potential. But, 
we' have an alternative approach which we call the local 
interactions between particles, 

11 

In a local field theory every particle is repre- 
sented by a field and a lagrangian 1 can be constructed 
for each field such that the Euler-Langrange equations, we 
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get "by tile variation of L, are the oorresponding field 
equations. The Lagrangian L can be separated into two parts 
Ijq and Iij where consists of lagrangians of free fields 
and Ij contains the interaction between the particles* To 
write down eiqclioitly we tahe the following considerations 
into account. 

1. Lj must be a lorentz soalar. 

2. The field equations must be linear in field 
operators. 

3. There should not be any derivative coupling. 

When we apply all these three restrictions we 
find that we have a very limited choice to make. For a 
spinor ^ interacting with a vector field we get 

and for a spinor field interacting with a pseudo soalar field 

"" ^3 ^5*^ )«i> (^) 

where g and g are the coupling constants measuring strength 
of interaction. If A,, stands for electromagnetic field we 

r 

have 

Se^ / 4|F = 1/137 

and if ■ stands for pion field 

= 15. 

Once we know we can know very easily. For non-derivative 
couplings this is just the negative of If-j-. 



2.2. S-Matrix 


Prom the interaotion hamiltonian we can donstruc 
the S-matrix whioh in turn is related to the scattering 
amplitude. A perturbation theory can best be worked in inter 
action picture. Ihe S-matrix 'is defined as 


S = lim 

tg-^oo 


Lim 

t^-> 


(VRV^iM ‘Pa) 


(5) 


where IJ(t 2 >t^) is the time displacement matrix given by the 
equation 

U(t,tQ) = Hj(t) U(t,t^) (6) 


or equivalently by the integral equation 

U(%,t^) = 1 - y % (-b) U(t, t^) d/ 

By the process of successive iteration we will get the' 
Bewmann-Liouville expansion of the integral (7) as 

U(t,t^) = 1 + (-i/h) j dt3_ Hj(t3_) 


( 7 ) 


o 


ri 

+ (-i/h)^ j dt^l dt^ Hj(\)Hj(t2) 

( 8 ) 


0 


Prom this we obtain the S-matrix after making some manipu- 


lations to take the limit. We- get 

4' oo 

cXl ^ ^ 




CO f ' f 1 


n-o 


-CO 
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P is the I)yson*s ohr oho logical operator, Por further devel- 
opments on this we have to assume a- specific type of inter- 
aotion. Then the S-matrix is given by the following series* 

S = 1 + (-ig/li) N^(X 3 _) Y 5 ^(^2.)SUi) 

+ (-igA)2j'd^X^_^ d^X2 T(15[l|y(X^) Y5*^(X3_)<|>(X3_) 

N ^ (X^) Y 5 {jj(X^)Su2)) 

+ (10) 


Prom the above expansion it is possible for us to 
extract the matrix elements for any process involving nucleons, 
antinucleons and pions. All these prooesses can be symbolically 
represented by a set of diagrams usually called Peynman dia- 
grams. There are specific rules (Peynman rules) to’ calculate 
matrix elements from these diagrams. The matrix elements oan 
be written down either in p-representations or in x-represen- 
tations. Por most of the time we will work in p-representation. 


To discuss some more specific properties of S-matrix 

it will be useful to consider a specific physical situation. 

I 

We will consider the pion-nucleon scattering. The first 
contribution to pion nucleon scattering comes from the third 
term. There are two diagrams and the matrix elements are 
given by (Pigs. 1 and 2) 



) Y 5 


1 

Y* (p-k^)-m 


Y 5 ^(P) 


Mp = g^ u(p^ ) Yc ~ 

'S/ 


( r\4-lr tn 


Y 5 u(p) 


( 11 ) 
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There can he oontrihutions from higher order of terms also. 
One such example is given hy the figure 3 where we get 


M, 


5 = g^/(2%)^ f ^ . u(p^ )y ^ — Y 5 

^ q ^ Y.(P -q)-m ^ 


— T5 ; — Y5 ^i(p) (12) 

Y.(p+k-q)~m ^ Y.(p-q)~m 


Similarly we can have contributions from higher order diagrams. 
How the question arises - what should we do to calculate the 
transition amplitude? Should we sum up all possible diagrams 
upto infiniteth order or should we stop at some suitable 
point? This question is linked with the convergence af the 
perturbation series. The first requirement is that the 
series should be convergent. Then there is another question- 
even if the series is convergent can all possible types of 
diagrams be summed? This is possible for some particular 
type of diagrams like ladder diagrams. But, all diagrams 
cannot be summed up. So the only alternative possibility for 
a reliable theory is that g should be very small such that 
the series is rapidly convergent and the first few terms of 
the expansion can give a fair estimate of the process involved.. 

p 

This is true in quantum electrodynamics where g /4'n; = 1/137. 

© 

The second order term is sufficient to give very accurate 
results. But, this is not true for pion nucleon scattering 
where = 15. The series is not convergent. So we must 

find a way out of this difficulty. 

In the next section we will try to obtain an 



alternative to pertiirbation theory , Historically there have 

12 13 

been approaches like lamm-Dancoff methods, Ghew~low theory 
or dispersion-relations^"^ etc* But, our main aim will he to 
extract as much information as possible from the figures 1 
and 2 and to see in what oircumstanoes we oan do so* The 
matrix element oan also be written as 

Ml = u (p^) u(p) (13) 

2 2 

We can see that there is a pole at (p-k) = m . This pole 

is away from the physical region. But, in some cases this 
pole is very close to the physical region and for that region 
the contribution from the pole diagram (1 and 2) will be 
significant, 

2.3* Alternatives to Perturbation Theory (Polology) 

We have come to the conclusion that the perturbat- 
ion theory can not be applied to strong interaction physics. 
There have been attempts to formulate theories that oan re- 
place perturbation theory, but not all of them have survived* 
Of all the theories the dispersion relations have been most 
useful in getting some results in strong interaction physios. 
Here we will not deal with dispersion relations, but will 
use some of the results obtained by dispersion relations, 

13 

It is well known that the scattering amplitude 
can be written down in terms of a set of poles and outs in 
terms of s, t and u* Our present aim is to find out the 



..15 


situation where these poles are most predominant. This is 
called polology. For example consider the scattering of 
two spinless nucleons through the exchange of a scalar meson. 
Symbolically this can be represented by the figure 4, The 
matrix element is given by 

M = (14) 

t - 

where t = (P]_“P;L “ -2q^(l-GosO) (15) 

2 

In the neighbourhood of t = p M will be most predominant 
and can provide a reasonable estimate of the actual matrix 
element. At the pole 

-2q^(l~OosO) = 

giving Cos0 = (16) 

The eiuation(16) tells that the pole is completely outside 
the physical region (see figure 5). B^jit for very high energy 
q_^Co and Gos0 '^1. This sioggests that for very high energy 
the pole term in t-channel can give good estimate of the 
cross-section in forward direction (Cos0 =4-1), Actually 
this procedure has been used to calculate the coupling constant 
by extrapolating the experimental data to pole position 

p p 

(Cos^ = l-f-p /2g, ), Another example of polology is the single 
pion production in pion-nucleon interaction. The matrix 
element (see fig. 6) is given by 

M = ^ ^ u(p^) Y5 ^(P) J^o^‘ll'^^2'^ 
t— P 

If we know the differential cross section for the process at 
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FIG. 4 

FEYNMAN DIAGRAM FOR 

NUCLEON-NUCLEON SCATTERING WITH PION EXCHANGE 



FIG. 5 

POLOLOGY m T-CHANNEi. 
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P!ON EXCHANGE OrAGRM IN THE REACTION N+ A-^N +7^ H-K 
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very liigh. energy and close "bo the pole we oan extrapolate 
the data to the pole and obtain the valne of differential 
oross section for pion pion scattering. Conversely, IS we 
know the pion pion scattering cross section we can evaluate 
the cross section (17) very easily near the pole position. 

Thus, we come to the conclusion that at very high 
energy the differential cross section in forward direction 
(Cos = +1) can reasonably be represented by t-channel pole 
diagrams (i.e. the poles originated due to meson exchanges). 
Then the natural inclination is to ask ~ what happens when a 
baryon is exchanged in stead of a meson? To answer this 
q^uestion we will deal with pion nucleon scattering (fig. 1). 
The matrix element is 

M = g^ u (p^ ) Yc Y u(p) (18) 

u - 

u' = (p-k )^ = m^+p^ - 2[EpW + q^GosG ] 

Por very high energy E = (q_2-i-m^J= q_[l+m^/2q^] 

Jr 

w = q[l + 

and u = -2q.^(l+Gos 0 ) 

So, at the pole, we obtain 

Cos0= -1- m^/2q^ (19) 

2 

The expression looks quite familiar, For oo we again get 
the pole dominance and rest of the things follow as in the 
case of one meson exchange. 

What we have done above is a phenomenological 
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analysis. To give it a more f asliionalle look we consider 

15 

the Mandelstam representation. If we assume that this 

representation is correct, then, in certain cases we can 
justify the pole dominance of forward and hackward amplitude, 
lor spinless nucleon nucleon scattering, assuming no subs- 
traction, the Mandestam representation takes the f03?m 

-2 ,2 

- \ , 
t" 


T(s,t,u) 


A. 


t - ii‘ 


u-p 


i f . 1 

^ J t s"- s 


TC 


f^(u )du ^ ds'^ dt^ 

■ u^- u ■"7^' 


(s'-s) (t^-t) 


/ / 


Tt 


'P 2 (s^u ) ds du ^ ^(u^t)du dt 


J 


(s^s) (u-u) 


/ 2 1 /__/ \ /./ 


7^ 


(u-u) (t'-t) 


( 20 ) 


with s + t + u = 4m'^ (21) 

lor high energy forward scattering, t is fixed, s -^oejand 
because of relation (21) u->-co. Then eq^uatkon (20) becomes 

-2 r f. (t )dt g2(t) 


T(t) 


-g 




"1' 

~7 

t - t 


t-p”" % J t-t t-p-^ 

-2/_l\_? .. ... _2/.2' 


( 22 ) 


where g (t) is smooth function with g^(p^)=^. This final 
result consists of contributions from single intermediate ■ 


pion lines. A similar formula can also be obtained for 
nucleon poles. Thus we see that the nucleon pole contributes 
to the backward direction exactly in the same way meson poles 
contribute to forward scattering. But, there is a difference, 
lor meson pole Gos0 = 1 + p^/2q.^ and for nucleon pole 

CosO = -1 - m^/2q^. So for the meson pole moves 

faster towards the physical region than the nucleon pole. As 



a result of this the treatment of nualeon pole needs more 
oare than the treatment of meson poles, 

2.4. One Pi on Exchange M o del 

As a single particle exchange model offers a straight 
forward method of calculation it is easy to carryout the 
calculation far inside the physical region away from the 
single particle exchange pole and compare the results with 
the experiment. It is not surprising that such procedure 
fails in reproducing the exact experimental result, The 
reason is that far inside the physical region we can not 
treat the exchanged particle as a quasi-real particle. An 
off-the-mass- shell correction has to he made and many particle 
exchange graphs should also he considered to give reliable 
result, how a days three types of off-shell corrections are 
usually used. They are 

(i) Use of phenomenological form factors 

(ii) Hegge Pole models 

(iii) Absorption corrections. 

Here we will describe briefly each of the three 
approaches, 

(i) Phenomenological form factors: 

¥e again turn to the reaction (fig, 6) 

n + H — ^ Tc + Tt + N 

In addition to formation of nuclear isobars in the scattering 
channel which contributes calculable amounts to the scattering 
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amplitude over laiomi energy and momentum range there are 
poles in matrix elements coming from the peripheral exchange 
of particles. The lightest particle eitohanged in this case 
is a pi meson and has a pole very close to the physical 
region which is expected to influence the reaction. 


Direct experimental evidence for the assumption is 
provided hy the marked forward peaJdLng in the cross section. 
According to Feynman rules the amplitude for such a process 
can he ’.ritten as 

I = <23) 

where and are vertex functions. These vertex' fxmctions 
contain all the corrections to the vertices due to off-«<shell 
nature of exchanged particle, but do not contain initial or f 
final state interactions. This TiinT vertex can be written as 


\m " S U(P 2 ) Y 5 u(p^) F(t) (24) 

where u and u are the final and initial Dirac spinors for the 
nucleons, g is the pion nucleon coupling constant with 

= 15 . F(t) is the form factor with F(ifj = 1 and obeys 
a dispersion relation (for the OT-n: vertex). 


F(t) 


1 + 



g(t ) dt 


(t - 


ti^)(t 


- t) 


(25) 


The weight function in the spectral integral has a threshold 
2 

at t = corresponding to the square of the least massive 
state that can be coupled to pion. 
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There are analogous form factors corresponding to %% 

vertex Y/hioh depend on the distance of th© exchanged pion from 

■facji'cys 

the mass shell. These form_^depend only on momentum transfer.. 
In actual calculation it is very difficult to calculate the 
form factors. So in most oases we have to use phenomenolog-^* 
ical form factors that give good fits. They are supposed to 
be an one effective pole approximation to the contributions 
from the cuts. 

This form factor approach has been applied extensibly 

by Ferrari and Selleri. in excellent review upto 1962 is also 

17 

given by these two authors. ' A more recent discussion is 
also given by Selleri, Now coming back to equation 23 we 
note that we have written down the product of two form factors. 
In actual practice these form factor are phenomenologically 
fitted. Ferrari and Selleri used a particular type of form 
factor i.e. 

G (t) ■= A - ^ (26) 

t - 0|i 

where A,B and 0 are obtained from the best fit with experiment. 
From the analysis of two processes 

p + p — ^ p + n + 

p+p — >p+p + Ti;° 

Ferrari and Selleri found A = 0.28, B =5i42, (C =5.75 which 
gave good fits upto 1 Bev. A significant aspect of this 
analysis was that these values could also be used for pion 
exchanges in other reactions like % + N— N or m+N— . 
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In siiort, once the form factor was loiown from one reaction, 
it could be used for a set of reactions. 

The form factor approach has draw bach also. Being 
purely a phenomenological model there is no direct link betw- 
een this and the physical situations. Bor example, a pole 
in the form factor is customarily associated with a resonance. 
Here in this particular case the resonance mass (2.4 m.) given 
by Berrari and Selleri is just too small to correspond to 
any known particle or resonance. Secondly the form factor 
approach fails for the energy larger than linr 2 Bev. 

(ii) Regge Poles; 

Several authors “ have treated the exchanged parti- 
cles as Regge poles. This has the required effect of reducing 
the high energy cross section, but introduces too many 
parameters. Especially for elastic scattering the number of 
exchanged particles is too large. Consequently the number of 
unknown parameters are very large. Ihe usefulness of the 
model can be tested only in the case when the number of 
parti ole- exchanges are small (preferably one or two). In many 
cases a single exchange has given very good fit to the 
cross section. This model has been useful in predicting 
several high energy results otherwise impossible to obtain. 
Another attractive feature of the model is that the usual 
pole term is replaced by a term which is the function of 
Regge trajectory. The introduction of this trajectory takes 
care of a number particles lying over that trajectory. On 
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tile dark side, as we have mentioned, the number of parameters 
are large and there exists a lower limit for each reaotion 
bellow which this model can not be applied fruitfully. 

In pd scattering nucleon exchange Born-diagram gives 
too low a cross section at backward angles at high energy 
due to the rapid decrease of the deuteron form factor. - 
Exchange of a baryon resonance of requisite quantum number 
may compensate for this rapid decrease, Kisslinger and 
Kerman report that this may indeed explain the backward 
cross section. It would suggest that at high energy baryon 
exchange be reggized, 

(iii) Absorption Model s 

The main idea behind the absorption correction is very 

simple. Due to the influence of con^ieting , channels the 

inelastic scattering amplitude gets modified (rather damped). 

Theoretically the most complete theory was given by Baker 

22 

and Blankenbekler, Unfortunately their theory does not 
give correct t-dependence. All other theories deal: with 
parametrization with a view to give the immediate result. 
Consider the reaotion 

p + ^ + p 

For this reaotion absorption correction is obtained in the 
following manner. First obtain the helioity amplitudes and 
then make a partial wave decomposition. If A(W) 
is the helioity amplitude we have 
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With A =Ai -A2 » " X3 -X4 

Now due to absorption in initial and final states the amplitude 



where 6^ and 6^ are the phase shifts in initial and final 
state channels. Next these modified amplitudes summed up to 
give the modified scattering amplitudes. In practice the 
summation is replaced by an integration. But, that is not 

T 

all.. The presence of d (B) poses a problem for Integration, 

M' 

So usually the calculation is done for very small value of 
where d^ O) can be approximated by a Bessel function, 

H' 

Nor pion exchange processes the absorption model has 
been quite successful. But, it fails for ^ exchange. For 
example consider the reaction 

( A 

+ p^ K + p 

This reaction can not be fitted by one pion exchange. If we 
tahe the ^ exchange we obtain a theoretical cifoss section 
which is too large compared to experimental value at high 
momentum transfer. 

2.5, One Nucleon Exchange Models 

Calculations based on one nucleon exchanged models are 
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very small. Pew years iDack Blarienbeoler, Goldberger and 
Halpern ^ studied the neutron deuteron scattering from dis- 
persion theory, They obtained the contributions from nucleon 
pole as well as triton pole. Prom that time till ndw their 
results about npd and ndt vertices are being used by all 

authors who deal with these topics. Then there was a calcu- 

24 

lation by Bernstein on vector boson production. He studied 
the reaction 

p + p — ^ d-t+ 

with the help of one neutron exchange mechanism. Later 

OR 

Hearing repeated the same calculation. Hearing made the 
calculation on the pole without the form factor, without 
taking deuteron structure vinto account. As the existence 
of vector meson is still a doubtful proposition this could 
not be compared with experiment. It was Deo and Mathews 
who pointed out that the estimates given by Hearing is much 
larger than what it should actually be because he has left 
the form factors. These form factors are proportional to the 
Fourier transforms of s and d state deuteron wave functions. 
Then the reaction 

p + p — ^d + 

? V 

was studied by Mathews and Deo, Deo and Patnaik and 

pQ 

Heinz et al. The approaches in all these papers remain 
almost same. They all calculate the Born matrix elements 
and multiply the matrix element with suitable form factors. 
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In all tile above oaloulations some of the ;phomirLent features 

of the experiment axe, reproduced, but many more questions 

remain unanswered. For the reaction p + p--^ d + 71"^ there 

is s,lso a meson exchange diagram which was discussed by Yao . 

Yao believes that neutron exchange can not produce all the 

28 

desirable features. However, Heinz has compared one pion 
exchange and one .neutron exchange model predictions and has 
shown if one has to choose one between the two modelSj it is 
neutron exchange model which gets the preference* However, 

■50 

Brown shows that neither of the model can as such explain 
fully the experiment in the interval 5»13 Bev/c proton 
momentum. 

There is still another reaction where nucleon pole 
contribution has been evaluated* This is the photo dis:^teg- 
ration of deuteron, Gourdin'^ et al, have studied this 
process using two pole and four pole fits to the form factors* 

In this thesis we will calculate the differential cross 
section for the two processes 

p + d p + d 

and p + d — > He^ +71*^ 

5 5 

with nucleon pole and He pole contributions* The He pole 

gives very small contribution to the first reaction* So the 

first reaction will be calculated with nucleon exchange alone* 

Then we will investigate the role of neutron exchange in 

generating He pole in pd amplitude* This we will do by the 
help of H/D method, 



CHAPTER III 


PROTON PBUTRRON SCATTERING 

Reuter on lias two properties wMcli attract the 
attention of theoreticians as well as experimentalists* It 
is the simplest botind state of two Strongly interaoting 
particles and its binding energy is very aaaLl# As its 
binding energy is small we can use impulse approximation* 

As it is a simple^wo body bound state it. can be used as a 
target particle to explore the nature of three body forces*., 

Here we will briefly describe tviro ."fflethods-impulse apprbxi— 

7 8^10 

mation”^ and method of separable potentials which havf 

been extensively used to study deuteron scattering, 

3 .I* Impulse Approximation; 

Neutron, as a target for bombarding particles, is 
difficult to get mahing it almost impossible to get a 
measurement of direct neutron cross section. In most of ' the 
cases it is being deduced from the proton-deuteron scattering, 
(Prom this, point of view proton deuteron, scattering was 
treated to be one of the most usedCul methods of investigation)* 
As neutron and proton are very loosely bound inside deuteron 
it was thought that the proton deuteron scattering cross 
section can he expressed as the sum of np and pp cross 
section especially when the de Broglie wavelength of the 
bombarding particle is small compared to the average distance 
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of neutron aud proton inside deuteron. It was Glauber who 
first analysed the proton deuteron scattering data and pointed 
out that the sum of the pp and pn cross section is somewhat 
larger than the pd scattering cross section. Glauber’^s 
analysis can he written down in the following forms 


o (pd) = a (pp) + o (pn) - S . (1) 


where S is an additional term usually called the shadow 
term or eclipse term. 


S = 


a (pn) a (pp) 


<r-2> 
" 4 % 


. ( 2 ) 


<r > is the average value of the inverse square separation 
between proton and neutron inside deuteron. Here we give a 
simplified version of Glauber^ s analysis. For sinqplicity we 
-will assume that all the particles are scalars. If we assxuue 
that the nucleons have a common mass M and deuteron mass is 
Mdf the binding energy of deuteron is 2M - Let ^'(r) be 

the normalised deuteron wavefunction where r is the separation 
between neutron and proton. The momentum space wavefunction 
is given by 

?(p) = ^3^2 |d^r ^(?)e^ (5) 

Then we define the deuteron form factor G(p ) by 


G(p^) 



ij/(r)j 2 
<p(p - q) <p(q) 


( 4 ) 


such that G(0) = 1 
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If we normalise scattering amplitude suoli that 


da 

^ = 


^ (S,t) 


The optical theorem he comes 


a (S) = 4 Im P (S,0) 


In the rest system of deuteron, hoth n,p as well as d are at 


rest. So at high energy limit 


1/2 where 


S^p, Sp^ and Sp^ are centre of mass energy squared. Then 
the result of Glanher’s analysis is 


FpaCs.t) = G(-t/4) [Ppp (Spp.t) + VSp^.t)] 


1 ^ 
(2m) 




a"p s(pp P [s , -.( 1 + ^)2] 




PP " PP 
yfN2- 


^ V ^ - 


(5) 


2 

v/here q = -t and the angle of two dimensional vector q is 

2 

the azimuth of the scattering. The integration d p is over 
the plane perpendicular to incident direction. If we use the 
optical theorem we obtain 

‘’pa = ‘’pa + ‘’pp - I Se J'pp (s.-ph 

X Pp^ (3, - p2) d^p (6) 

where we have used the resilLt G-(O) =1 and made the approxi- 
mation that P and P are purely imaginary and the ampli- 

PP 

tudes are not rapidly varying over the range of integration. 
Then we bring these quantities outside the integration sign 
and Tn:ite 
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where 


^ j'G(p^) d^p is the average inverse 


square distanoe between the nucleons inside deuteron. 


Iht's formula was re-examined hy Udgaohkar and 
Gell“-man2^ from Eegge pole theory. Their result for the 
eclipse term was given by the expression 


iB (S,t) = 


GT a 


^ Ee 1 dS G(p2) B (-(?- 'p2)^) 


dTl‘ 


■r4 ‘ 


xB (-(^+"|/2)^) ( |- )“t-(^-p) ] [-(|+ p) ]-2 


This formijila can be obtained by writing 

P(S,t) = — a B(t) ( |- ) 

Afn ^0 


( 9 ) 


( 10 ) 


where B(0) = 1. This formula has been further modified by 

7 

Abers et al. who found that at high energy the contribution 
of shadow term is less than that given by Glauber term. 

They also pointed out that at very high energy the shadow 
effect may slightly increase with energy. B-^t, it must be 
remembered that till now all the analysis are done by the 
theory due to Glauber, 


3,2. Method Of Separable Potentials: 

Next to the impulse approximation the method of 
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separable potentials lias beoome one of tbe most useful tool 
in dealing with p~d scattering. The method is essentially 
non- covariant, but it gives very good fits particularly at 
low energy. The motivation for the oaloulations using 
separable methods comes from the following lines, A non- | 

t 

local separable potential yields a two body T-matrix which 
is also separable in off-shell variables. Then the Padeev 
equations with separable two body matrices become Predholm 
equations in one variable only. 

Many recent treatments aspire for the relativistic 

generalisation of three particle system, Por this purpose 

Padeev equation is favoured because this is expressed in 

terms of amplitudes rather than the potentials. It was pointed' 

54 

out by G-illepsie that the potential method is no way less 
fundamental. More ever, the powerful techniques now available ; 
suggests that clearer insight and greater consistency is 
achieved by concentrating on the interaction operator (i.e, 
the potential) in any practical calculation. 

The source of interaction term can be chosen from a 
particular model or can be constructed from experimental data, .■ 
These methods were extensively studied by Mitra and his 
co-workers, Mitra constructed a potential of the type 

\ (P»P^ ) = A ^1 Si (P^ ) (lOa) 

As we are not directly interested in these methods and our 
interest in the subject is only marginal we stop our disousstoni 
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here. A oomplete reference .on the subject is given "by 
Gilepsie^^"^ and ilessandrini^^ et al* To exihihit the power 
of oeparahle methods we just solve one integral equation 
trivally vdiich could have been much more difficult to do.' ' 
Consider an integral equation for scattering ainplitude M. 

MpCp^Pp) = ^i(P/Pi) + \(p,k) (kiP^) dk (11) 

where V^(p,p^) is a Mitra type separable potential (equation 
10) and f(k) is a non- singular function. Then 


Mul- 


M3_(p,P 3_) = (p,p^) + g^(p) ^ dk f(k) g^(k) M^(k,p^)dk 

( 12 ) 

;iply both sides by f(p) g^^Cp) and integrate with respect 


to p. Then we obtain 


A(p^) = dp f(p) g^(p) V^(p,P3_) + A(p^) I dp f(p)g|(p) 

J 


j 


where 


r 


A(Pi) = Sp(k) M^(kyP^) 

The solution to equation B is given by 

j'dp f(p) g]_(p)V^(pq) 


A (q) 


or (pq) 


1 - jdp f(p) g| (p) 

\ (Pl) 

1 - Jdp f(p) g| (p) 


, 2 / 
a 

(13) 


(14) 


(15) 


(16) 
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3.3* IT'aoleon Pole Diagra^is: 

Wiien we look to the experimental results of proton 
deuteron cross section we observe two prominent peaks - one 
in forward direction and one in backward direction. As we 
have ex’plained it earlier the forward peak is due to exchan- 
ges in the t-channel which can be iso-singlet The 

number of such particles are rather large and their inter- 
actions with deuteron is unknown. So any attempt to oalctilato 
forwrard scattering amplitude will involve several unknown 
parameters. On the otherhand the backward peak is essentia- 
lly due to the nucleon exchange. The nucleon exchange diagram 
involves Mn; vertex which is Imown and npd vertex which can 
be obtained in a closed form. A form factor for this vertex 
can also be obtained with the help of non-relativistic 
Schroedinger theory of deuteron. This form factor takes into 
account ‘'ne off-shell nature of exchanged nucleon and also 
the structure of deuteron. The matrix element for nucleon 
exchange diagram (fig. 7) can be v/ritten as 

M = u (p') S(d) ^ 

n if.m 

where S(d) stands for npd vertex. There is also another 
diagram (fig. 8) which contributes to the scattering cross 
section. This is the He -pole diagram. The contribution 
from this diagram is very less compared to the contribution 
from (fig, 7). This can be observed even without detailed 
calculation. We observe that the pole terms are the most 



I He^a) 
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in scattering of pd 




-.55 


rapidly ■varying terms* At zero endrgy 

2 2 

n = 

So n^-m^ = = - B^Md 

But = (M^ + m)2 

So = (M^ + m)^ - = -2 B^ 

where B^ = 21 - and + M - 

So we can. see that contribution to scattering oross section 
from (fig. 7) is 80 times more than that from (fig. 8). 

So for the time being we -will forget about Ee^-pole term. 

But, in the next chapter we will evaluate this pole contri- 
bution, because the presence of a He it vertex makes the 
contribution comparably large. 

3.4. The Vertex Bunctions And Borm Bactors: 

The n-p-d vertex can be written as 

where S^p represent the creation of a deuteron in a triplet 
spin state. S can be vn^itten as 

S == p >^1 ^ (19) 

where \ is polarisation 4- vector for spin one deuteron. 
j> P- 

Birst we will make a deuteron rest frame calculation and 
then generalise to arbitrary frame. To find out spin 



npd Vertex 
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struct-ure of p-'-' we note that it is proportional to a 
4-veGtorp*^ s^i.oh that 



10 0 0 

0 0 0 0 ■» iXy 

0 0 0 0: f2 




' \ ! -i 


n 


( 20 ) 


one then obtains 


= (1 + P)‘yc 

ir2 


( 21 ) 


where C - Yq ^2 • ® d-state wave function for 

deuteron are given by 




u (r) 

■“r 101 


w(y) 

r 


■ym 

^121 


( 22 ) 


If Pg and p^ are corresponding probabilities we have p^ + p^ 
= 1. Similarly we write 



( 23 ) 


so that Y^q]_ is proportional to^< ^ and so on. 


correct vectors we find 


®s ’ Fd ~ + 'fh 


I'orming the 

(24) 


where a and a^ are coefficients of leadiiag terms of deuteron 
s d 

wave function in assymptotic expansion i.e. 
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cp(r)“~e^^[ ag+ a^x( d state fimctions] 
Conseq_uerLtl3’- 

'"s.a == (25) 

where 'Pg^^C^^) sire the foiicier transforms of deuteron s and 
d state wave ftmctions. 


Now the problem remains to generalise equation (21) 
into an arbitrary frame and then to make an off- shell corre-^ 
ction. For the first oase we just write 




(y.d + M^.) 




<26 ) 


For the second problem we note that k is half of the relative 
momentiim of proton and neutron when deuteron is at rest* If 
we define 

— ^ 

= (0, k ) 

and 

4^ = (“a- 

We have 


k.d = 0 


As this is on invariant, k.d shoiild also be zero in the 
moving frame. 

Thus we get 


k 








ji: 




( 2 ?) 


Consequently 
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!k!^ = [n^-(M^+m)2] 

Tliis suggests that the new value of k® not only takes care 
of moving deuteron, hut also the situation when neutron is 
off the mass shell. Then we have the most plausible modi~ 
fication to make i.e, to remove the restriction of -k®-> a® 
in equation (25) and write 


k^ + a- /I 2 N 

^s,d ~ ^ 




Thus the vertex function can he written down as 
|^^(Y.d+M^) (k^+a2)[((pg(k®)+ -ja ^ 

T2 'Pd^^ ^ C 


(29 


Here we note that the contribution from d-state is only ahou- 
5 percent. So we can vary well write down 


9^(k^) = ^ 9g(^^) 

To find out the multiplicative constant in (29) we assume 

■^^a-t \y\ ^ \ 

Then deuteron will spontaneously decay into a proton and' i'S.r 
neutron. The decay rate can he calculated from the;. figure 9 
with the formula 

p _ ___k I M}' ^d^ p2) 

’ 32it®M| } (2s+l) 
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where S is the spin of deuteron. 

On the other hand equation (31) implies that asympiiotic 
deuteron wave function should be 

9(r)o^e [a^ + a^ (d state fxmotions)] 

As a result of this we have a decay rate for deuteron as 


P = ^ ^ ^s* ^ ^ ^^d^ ^ ^ (53) 

Comparing equation (32) and (33) we obtain the constant in 
equation (29). Then neglecting d-state we have 


_ 4-n:If 


5’g(k^) (Y*d + M^) Y^O 


(34) 


with 


Pg(k^) = (k" 

+ a®) 9g(k®) 


9^(k^) = (d=x 

cp„(r) 

to 

(35) 

4^1^ ( P ) 

[ Cos(kr ) + - Sin(kr )] 

(36) 

(a^+k^ )(P®+k^ ) 

° k (a+p) 


r) = S [ 

-^q) _g-P(3:^-3:Q) j ^^^0 



' 

(37) 

= 0 

for r<'r„ 

^ c 



^ l-ay^ 

(38) 


Y is the effective range of deuteron* With this vertex, 
' e 

matrix element becomes 
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M 


(p'Xy-'I+mjCy.*) (y.^) (Y.a +%) 


“d 


‘J/WJ 

X u(p) 


(39) 


with 


da 

■351 


6471^1® (2s^+1)(2s2+1) 

where and S 2 are spin of the initial particles 


(40) 


3 • 5 - Numerical Result ind Discussion: 

We have calculated the differential cross section 
at (Cos0 = -1) at energies 1.0, 1.3 and 1,5 5ev, There 
exists experimental data^^ for these energies, upto Gos0= -,f 
In figure 10 we have plotted our result at Gos0= -1 along 
with experimental points. 


Our theory does not give good agreement for Gos^Sk -1. 
This may he due to the fact that vertex function and the form 
factor are not too good for high values of k^. It should he 
noted that we obtained equation (52) for and 

accepted in principle that the corresponding results will 
also he true when we extrapolate to the actual value of 
To keep the extrapolation meaningful the two values of 
should he very nearly equal. This is true for the reason 
that xc^ is very small. At the same time we should also 
ensure that k^ is very nearly zero. This criteria are satis- 
fied only at Cos 0 = -1. 

Another thing that we want to make clear is that the 



(js/qW) 
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calculated cross section is very sensitive to the value of 

Yq. We have used the value 1.43P,the value used by Gross^^. 
31 

Bellac et al, have used the value around 1.6F, If one 
will analyse their results one will he convinced that they 
could have got the exact results with 1.4F. The 

experimental values are around l.Th. But, these results are 
obtained from almost zero energy experiment. So a small 
energy dependent part in y is not compltely ruled out. 
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CHAPTER lY 

PI ON PROJUOTION IN PROTON-DEUTEEOI OOLLISION 

In last Cliapter we oomputed the proton deuteron 
elastic scattering with a nucleon pole diagram. In this 
Chapter we vn.ll deal v/ith one proton deuteron inelastic 
collision. Explicitly, we will discuss the reaction, 

p + d — ^ He^ + 

This reaction was recently studied experimentally hy 
Helissinos and Pahanayake^^ at proton kinetic energy = 
1.515 Bev at = 0°, They obtain 

*57 

Earlier Harting et al observed, the same reaction at 

T = 6C0 Mev and 0. „ = 52°. Their result is 
r o • Xu 

= (6.1 + 2) X 10“^^ cm^ 

It is observed that one result is hundred times larger than 

36 

the other one. This is essentially attributed-^ to the rapid 

angular distribution which has been observed in other similar 

rections.^^ To check this we have oomputed the differential 

cross section taking the Bom diagrams. Our results also 

indicate rapid angular variation. Sometime back Mathews 

,aiid Peo^^ Heintz et al^® and Deo and Patnaik^'^ computed the 

+ 

differential cross section for tlie reaction p + p— ^ d 4- % 
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with, nucleon exchange and obtained many desirable results. 

We believe that the nuoleon exchange also plays a dominant 
role in the reaction 1, 

However there is another second order diagram (fig. 

12) involving trition pole which is also important, ]parti- 
cularly at lower energy. Here we report the results of our. 
calculation with these two Heynnian diagrams (fig. 11 and 12), 

In Section 4.1 we indicate the outline of our ^ 
calculation. In Section 4,2 the pd He^ vertex is obtained. 
Section 4.3 deals with the discussion of He tc vertex and 
section V deals with numerical results and discussion, 

4.1. Matrix Elements: 

The invariant matrix element M can be v/ritten as 

M = + Mg (2) 

y/here mid Mg represent diagram ILandl2 respectively* 

The differential cross section is 

do ^ _i — y\^]^ 

da 64Tt^W® Pj_ (2 s3_+1)( 2s2+1) ^ 

where p^ and p^ are initial and final three-momenta rn 
centre of mass frame, of the initial 

p.articles and W is the centre of mass energy. In calculation 
of the scattering amplitude first thing we have to do is 
to evaluate He^dp vertex. TWs vertex la aimllax to 
vertex whioJi has -been dlsousaed by Blartenbeoler et al.^ 
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Th.6ir resiilij for th.© verfex is given as (fig» 13) 

> (P) (y*^ ) Y5 u(t) (3) 

7/her 0 ii(p) ana. u(t) are the spinors for proton and He^, ¥e 
.7ili Jeo this vertex, but will OEiloulate by Landaus^^ 
iTiethtid v.'j. bii necessary modifications to include spin. Then 

WG have 

\ == g ^(■b)(Y*g) Y5 (yp +'^) Y5 u(p)/(p'^-m^) (4) 

M2 = G ^(■t)Y5(Y-'t^+m)Y5(Y*JXp)/(i/^-M^) ( 5 ) 

where g is the pion nucleon coupling constant and - 15.- 

G is the He TC coupling constant (fig.l 4 ), 

3 

4 . 2 . He pd Vertex And Porm Pactors: 

The He^ pd vertex is u(p) (y.^) Y5^(‘t)« 
doterndne \we calculate differential cross section for the 
process 

p + d — ^ p + d (6) 

As the :)inding energy of He^ is very small we write down the 

41 

resonant scattering amplitude formula 

da _ (7) 

^ 2p(E+B) 

for pd system. Here B is the binding energy of He^ (M^+mr-M.^) 
is the ..mass af is. reduced mhss ..of pd syistem and 

B = W - - m 
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liov; obtaining the contribution of fig. 16 and comparing with 
eqU'iti'jii ^ / ) at the pole» we obtain 

\ 2 ^t 1 

A = 4tc [ (m + M ) B/3F (8) 

m ^ 

Next wo calculate the form factor for the same Yertex. This 
form fac'.or is due to compositeness of the He^ and is proper— 
tional to the Fourier transform of the He^ wave function. 

Tho I'fjrm factors go to one when the particles are put on the 
mao ■ ijhjil. Here we are concerned with He^ going to p + d, 

Zo 'th 3 wave function should be bound state wave function of 
p ami cl. So far this wave function has not been obtained. 

F::*! simplicity we take a Hulthen type wave function. 

,:(r) = I [ . e-«=^-^o)] r>r^ (9) 

= 0 r <r^ 

whera a = (2 tiB)^ atid r is the Hard core radius, 

0 

B = + M - M,j. 

r =^-Hard core radius 

This wave function for large distances behaves exactly as a 
bound state wave function of p and d. 

To obtain N in 9. we imagine so that 

IIo-^ is unstable and decays into p + d. Matrix element 
describing this process is given by eqn.(3). If we represent 
the matrix element by T the decay rate is given by 



J: 1 

32ic^M| 2s+1 


..3U 

■ iif dQ. (10) 


Kow 

'513 + 


7/(,; 



.'i 05155,;.. yr ho" iiiass moving into its correct value below 
Than the Ke^ wave function changes from 


H G 

H '' e-«7r 


( 11 ) 

( 12 ) 


/■ e°^^rv 

H = N (13) 

T(4.ti) 

q'- = [p^ - (M^+M^)^][p^-(M^-M^)^]/4M| 


If '.vG put tho intermediate nucleon to the mass shell (p^ - 
m"' ) beoomoD — Now eq_uation 12 implies a decay rate* 


oonip nri son of cciuations 10 and 14 gives 


(14) 


1^2 


m e-' 2 ar^ 
3ix 


•.v}u;?-c V 5 C have put = 3ni, and - 2m, 


(15) 


On the other hand 


■.ve h-.v. 

J di = 1 (16) 

Kj- 

So •.-.0 obt-an a relation between P anl r^ 

2 ^ P.l6(a+P) = ■» e-2“^o (IT) 

(P-a5* 
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ly 




'p^otoT is giyen l)y 


?(q^) = (af+a^) 9 (q^) 




(q,^+a^)(p^'+q 2 ) 


q(a+p) 

(18) 


and i!S:atrix elemerica 


Kl = ABl?(q") u (t) (Y.g) Y 


5 (19) 


■Ac I'(q") U (t) Y.: 


5 y, (Y.g) u(p) (20) 


4= -- [t'-(I.U+n)'][t®-(M,-m) = ]/ 


(21) 


4.5* ITc®rio“n:^ Coupling Constant; 


To determine the value of G-, we note that the triton 
'■a.d llc^ forr. an iso spin doublet. By analogy with the pion- 
nuoloon interaction we can write down a He^Tt interaction of 


the form 


Y^T,9(|> jT 


( 22 ) 


The pion is coupled to He'’ through its coupling with the 
individual nucleons with the usual Y 5 interaction 


s'f H 


(25) 


where 


.f’ 



correlate G with g. To do this we 
t’;, t th : ilctitious processes He’ + and 

4- ri .ars allowed. We oalculate the decay widths 
irnm '‘'Xii (23) and oompare, Hov/evever, there are some 

di 1 ti nviii;i> ri. Inside He’ there are two protons and one 


TJ.iU troi;. 




two -protons must obey the Pauli principle. 
»i';n a ri'/atror, oiaits a 7:°, its spin may or may not flip. 
But thy proton spin cannot flip when a u® is emitted. As 
"i, r- riultj thyro v/ill ho a larger contrihution to the non- 


i 1 - ;'l iy ajaplitudo than to the spin- flip amplitude, and 
y .■ not get the angular distribution expected, from 

(:;?)• dn there must he some other constraints on the 
r- 'iC ti'-n ;;o th.at we obtain the correct angular distribution, 
discuns two possibilities of evaluating G without 


thin dif "'iculty, 

(a) If y.y’umo that there exists some sort of correlation 

t!u,; nuoleons inside He’ such that when one proton 
spin .flips, tho other proton also does. Then the Pauli 
prinoiplt,; is not violated and there will not be any restrict- 
ion on siiin-flip or non-spin- flip amplitudes. Then we 
obt.ain 

G« = g^ (24) 

(\)) Recently Ericson and Locher^^ have analysed itBe 

system with forward dispersion relation and have obtained 


Wo know that for system 
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= .03 with ^ 

v/:.’,;: ’. |i 'iji-.i Li r\.cc tne pion cjr'.d nucleon mass respeotirely, 
Ao jlc ® h'-r- '',11 quojitum numbers same as N and Be^ except 
the lr';x,7'-ri ..r and it comes in between N and Be^, we 

’rt th'h; the- relation 


II 


^ ^Be^ 


one, 


ilfi ■ wc have two values of G - one is g and the 
' •h' !' T, i:' nlightly less than 3g. In actual calculation 
V.’- h'<7': t'-Jii ni G as a parameter and varied it in the range 
biit-nuf-ri f' anti 3g. We found that the fit is better towards 
tin:,: hirh-r limit of G. 


4.4. Details of Traoc OaJ.oulation: 

\Iv have the invariant matrix element 

la' = + M2, 

I = I Mp= + IHgl = a C% v4 “l’- 

I M J * = (A+B+G)I'^(q^)/(p^-m2)% 

3 = 4A®g^(a.t/Mg^^)[2(d.p^ ) (p.p'-m^) - (p.a)(p'-ni')], 
0 = A) (p.p'-mn-(p.'‘)(p"-'"n]. 


vdth 
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2^ I “ 2 ! + i.fy <-)( p_];, (a.p)(a.]i:> ' 

V 

- 2 |J.“(-p.t + I toKd.t) ^ ^ 6(k,t)(p.i!:)]xj'(^)/(t'^-M^2)% 

d 

^ = 2X^gGF(q^)E(4^)(X+Y+Z)/(p2_m^)(t^-M^2 )^ 

with 

^ ~ ■“12[(p,p — m ) (t,t — )— (p,t+ii]M^-_ (p*t +inM^) + 

+ (p^.t +mM^)(p.t+iiM^)], 

T = -8[(t.t^-M^2)(_p.p'+ .(,a.p)(d.p'')j 

- (p.t+lliM^)(-p.p^+ ■ L^fj)('l-P ) ) 

V 

+ (p.i: + mM^.) (-p^^t + 

V 

2 = 8[(t.-t'-H^“)(-p.p'+ i a :L l ^ La- . pJ ) 

‘“d’ 

- (/.-t;+BH,)(_p.s'+ 

+ i(p'.t^+lll]!.L )(-p.t + Ils-aliiH)]. 

d 

JO-l these quantities were oaloulated hy the usual teohniques 
of trace and projection operators* for the deuteron polar- 
izations we had 

r lit ^ = -3. 

{|‘.A)(f.B)= -(A.B)+(d.A)(a.B)Aa% = 0- 
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4.5. Numerical Ee suits: 

In this section we report the numerical calculat- 
ions, using formulas of sections 4. 1-4. 4. 

In figures 15—17 we draw the differential cross 

sections with .6 and 1,525 Bev proton laboratory kinetic 

energies. JO-l the results exe for the out off r = .052P. 

o 

The differential cross section for 0,6 Bev is plotted for 
two values of 0 (fig. 15). Por 1,525 Bev the variation 
in backv/ard differential cross section is negligibly very 
small. So we have plotted only one curve for S = 2g, In 
forv/ard direction, however, the influence of G is quite 
significant. This we show in fig, 16 with three values of 
G - 2g, 7g/5, 8g/3, All these results are systematically 
put in the table I with experimental results. 

The agreement vidth the experiment is quite good, 

Unfortunatcljr there are no experimental results at backward 

angles to malce any comparison, ¥e have, however, calculated 

cross section at 180° with different energies (see table II). 

The cross section slightly increases vnth energy. We do 

not expect this increase. This is perhaps a bad feature of 

2jS 30 

the model. Similar results were also obtained by others * 
with nucleon exchange models. 





OfftrinttoJ tor Sht reoc.»ton p ; 

H« + 3T^ ot 0 6 Bfv with » 0 05 F 




Differential Crossection for ffie reaction 
p-hc he^ -f- ir“ at 1525 Sev with 

. r, =v^;05^F■^ 



Differential lOrossectton for the reoc»»ft 
p jj 4-rf* o1 i.5l5 9ev 'ft-ifh r„ = 

0 052 F Qfvd G 2 g 


COf. 6 
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gJiBLE I 

Differenti al Pros s- se at ion for 


G 


^10-52om=) 

dcr 


in Bgv~^ 

T = 1.515Bev 

"p = 

! .600Bev 



a =0° 

Q 

^ G.m 

= 52° 

g 

.168 

7.0 


2.1 


.220 

2*29 


1.88 

2g 

.220' 

12 


3.8 


.270 

4.5 


3.4 


.319 

1.96 


3.0 

7g/3 

.220 

18 


4.6 


.270 

6.9 


4.2 


.319 

2.36 


3.77 

8g/3 

.220 

24 


5.59 


.270 

9.94 ■- 


5.0 


.319 

3.08 


4.50 


4-a 


Experiment 
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TaMe II 


Energy dependence of at centre of mass angle 

180° for different values of r , G- = 2g 

o 
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ohapter V 

bole OE ETJOIiEOH BXCHAHGE IH &ElERA3?2Ha He® POIiB 


In last two ORapters we Rave oomputed tRe differ- 
ential oross sections of proton deuteron scattering, elastic 
as well as inelastic. In RotR tRe oases we Rave treated 
deuteron exactly in tRe same level as any otRer particles 
like proton or neutron. Our tReories were developed on tRe 
framework of one particle exoRange processes. In tRis 
CRapter we will present anotRer working metRod in particle 
physics where one particle exchange is also important. We 
want to generate the He® -pole in pd scattering amplitude with 
with nucleon exchange alone. As the mathematical tool we 
will use H/D metRod. TRe I/D method^^^^ is a way to get 
the solution from dispersion relations. TRe equations are 
linear and they keep the scattering amplitude unitary, TRe 
input force is introduced through the R-function and the 
simultaneous equations are solved to oRtain zeroes of D- 
funotion. The zeroes correspond to the Round states in 
that particular channel. 


¥e will define pro ton- deuteron scattering ar^litude 
in J = -J-, 1 = 0 channel as 


Ml 


so that Im = 


B 

Iii 






( 1 ) 

( 2 ) 
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subscript and write 

In M = I !ij" 

Ihon a dispersion relation for H can be written in the form 

M(s) = A®(s) +1 fds'c ^ ) -EL s') ( 3 ) 

® s"- s-ie 

B 

Aq(s) is the s-wave proieotion of Born amplitude. To get 
a solution, to the situation we write 


M = I/d 


(4) 


where 11 has all left hand singularities of M and D has all 


•vrite hand singularities* With the help of unitarity 
relation the I/d equations become (Uretsky form) 


.00 


H(s) 


kf. ( 3 ) 

' J 


1 

n 


as [ihs) - 5^ A=(s)] ^(/) 

S E' 


S-S, 


S^ 


(5) 


D(s) = 1- 


s-s. 


•n: 





(s-s) (sis^) 


( 6 ) 


Theae t’.vo equations should be solved and zeroes of D should, 
be obtained to give bound state and l/D^ at the pole to give 
coupling constant. 

As the mass of He® is very close to the total mass 
of pd system the pole occurs very close to the threshold. 
This fact helps one to evaluate l/D even without knowing the 
input force. This is a very interesting situation and is 
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entirely due to the small ‘bindirxg energy of He^ . Prom the 
equations 5 and 6 we write down 


:d (m /-) 

FTiiT) 


_ 1 


ds 


k 


7t J (s"- 


E' 


lJ(s ) (7) 


Now being very close to M^+m the maximum contribution to 
the integral comes from the region close to the lower limit. 

13 relatively slowly varying and can be taken out of 

B 

the integral and given the value at the pole. Then we 
have 


„-l _ 1 
^ ~ W. 


r 


t 


ds k 


2 \ 2 


( s-M/ ) 


( 8 ) 




v/herc k = [(s - (M^+m)^(s -(M^-m)^ )/4s]® 
The minimum v^lue which s oan toke is 


¥;rite 


^ 1 (M.-m) 


(9) 

So we can 

( 10 ) 


Thus we .obtain 


/ 


ds 


p-1 - 1 

“SC 1 (s-iiy)" 




( 11 ) 


Finally v/e obtain 
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■n -1 1 r-, jT ■ 1 

^ J J <is[(s-(M^+m)^)/4]vCs-(M^+m)^ 

+ 2(M^+m)B] (12) 

No^r put X = [s -(M^^+m)^]/[2(M^+m)B] 

Then H-^= ^ (1 - (I^+iii) V2{IIj-m)" ) [8(M +m)B]-* 

^ J (x+1)® 

= (4M^ (2M^B)*)-1 [1 - i(lI^-)ll)V(M^+m)'] (13) 

and 

R = [l - i(M^-in)2/(M^+m)2]“l x 4 M^C2M^B)^ (14) 


Thus ’VO have obtained the residue of the scattering ampli- 
tude at the pole. But, this does not give any ideas about 
the input force except that this gives the correct pole 
position. To see the nature of force between p and d we 
do the I'/D calculation numerically with nucleon exchange as 
the input force. Prom equation 39 of Chapter III we write 


down the scattering amplitude. 


u(p ) (r.d+M^) (Y.p) (Y.n-m) (Y.j)(Y.d +M^) u(p) 




(15) 


As we know that the maximum contribution to the . scattering 
amplitude comes from the neighbourhood of threshold we make 
a non— relativistic approximation. This was the reason why 
we put the mass- shell value of the form factor in eqn.l5. 
Then we have 
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’.I 3 

' d 


3m 


2 ,.+ / ^ 


4<h 

/ 


( 3 ^ u'(p )(a.g")(a.^) u(p)/(n^-m^) (16) 


ai'G interested in i = 0, J = ^ state. 'lo do tMs we 
first: iiinlco t,;.ie hclioity deoomposition^^ and then express " 
the {f 0, J = -|- amplitude in terms of the helioity ampli- 
tudewS. For pd system there are 6 helioity states, 



There nro, in total, 12 independent helioity amplitudes, 
’’t"; have 



(17) 


Oonsociunlly the ^ 0, J = i amplitude is 


t: = ^ [2 (<ip / M/ ii>- in iMt -l-i>) 

| 1:1/ n I 0-i} 

^ Y2 ( (n I M in} - (n I I o-^ )] (i®) 


Finally for Born .amplitude we obtain 

^ l-OY 


Aq (s) 


E +m „ A+l\ 

Bum J _|^(l/6q2)[ o (-2A+A^log ^) 


+ D log 


A+1 j 


where 
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!) = 1 + E^V2M^" (19) 


''?i fell .‘i^. (s) fio tliG inpuij fores we solved "blie IT/d e 1113.1110118 • 

‘^e obl’fiined a iDOund sfale with aJLl the luantum numbers of 

He^» Hov/ivor the mass of the predicted particle is more 

th,^m the mass of He®. The mass of He® is 2.808 Bev whereas 

wG obtained 2.813 Bev, This discrepanoy may be due to the 

Citfc* 

pro ;cii>:iG of the 5-p.'irticle inelastic out which starts very 
cloae to the elastic cut. At 1 Bev the ratio of total 
scattesriniT: cross section to elastic scattering cross secti 
sootion'^'^'^® is slightly more than 6. Most of the inelastic 
oontribuijion comoo from the deuteron disintegration. There 
ir no mo-fiiod to include 3-1017 reaction within the N/D 
ax)pro;'/;h. The- best one can do is to introduce a parameter 
j^(^)44-45 eq_n, 2. 


Below the 


In H = 

inelastic 

Rl(s) 


E{s) I i Ml" 

threshold R(s) 
a( total) 

a (elastic) 


= 1 . 


(2a) 

In general it is 

( 20 ) 


’’.'e repeated the calculation with different values of R (s) 
'uid found that the result significantly improves with 
high.er v^aues of R (s). More ever we have completely 
ignored the contributions from the t-channel exchanges. 
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‘Do summarise, we note that there is a pole in p-d 
amplitude corresponding to the auantum numbers of He®. The 
pole position does not coincide with that of He®, but the 
nolo )..osition changes if we change the strength of inter- 
action between p and d, Then, according to Weinberg's 
2 

criteria , douteron is a composite particle. In the same 
yardstick nucleon is also a composite state of H %» This 
suggests the eq_u,3l status for all particles.- 



.66 


pHigT ER Y1 

ON i/ISTENGE OF PEAKS IN THE GROSS SECTION OP THE 
jx lONb , P+P-^ d+n;'*', , p+d-^He®+X 


The peaRs in. the pion nucleon and kaon nuoleon 
soat'ceriiLg cross sections are explained through the existence 
of a large numher of Nn; and NK resonances* These resonances 
do really exist and can also he produced in the laboratory* 

In contrast, there exist a few reactions where the peaks in 
the cross section can not he explained like this. For exan- 
ulo, consider the reactions 


and 


P + P— ^ d + TC"*" 
k + d p + A 


( 1 ) 

( 2 ) 


A few peaks have heen observed in the reactions 1 

and 2. In the reaction 1 a peak is found at 2.2 Bev centre 

of KasG energy and another at about 3.0 Bev, This should 

suggest that there exists two pp resonances with masses 2.2 

and 3 Bev. As a result, 7;e should also be able to observe 

peaks in the pp elastic oross section. No suoh peaks have 

been observed. [There has been, however, a considerable 

49 

speculations about the existence of B=2 resonances.] In what 
folio’vs, we vdll point out that the peaks are entirely due 
t^" the small binding energy of the deuteron and we will 
o. 3 lculate analytically the positions of the peaks for the 
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reactions 1 and 2 and for the reaction 
p + d — ^ He® + Z 


( 3 ) 


ViT'heiG X is a neutral meson. This experiment is presently 
being conducted at several centres. So the results can be 
verified very soon. 

The diagram which is responsible for the peaks in 
the reaction 1 is shown in fig, 1§. Hollowing Yao^^ we write 


d'^n-, =■ Tdn^^ dfi^ dk-, ^ ds 


( 4 ) 


and put effectively n^^ and p^^ on the mass siiell through 
contour integrations. When deuteron is at rest we have 


M. 


E 


Pl 




( 5 ) 


with = m B, where m is the mass of the nucleon and B is 
the binding enorgy of the deuteron. How we^ expect a peak 
in the cross section when 

(p^+k)^ - =0 (6) 

where M is the mass of a pion nuoleon resonanoe# In the 

deuteron rest frame . _■ 

(p +1!:)" = mUp" + 2 [ — Ej^ - iix(k( CosP] (T) . 

2 . . 

As a is very small compared to we may neglect the last 
term and get 

(p^+k)^ = m® + + ^d^k 


( 8 ) 
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Also i.d ..he deiiteron rest frame the Mandelstam vaxiahle s oan 
he 'v'/ritter. as 

j ~ (d+k) = + 2Ei^M^ . (9) 

Prom Gquafcionr .j and 9 tno positions of the peaks are given 
hy 

if = s = 2{Tf+l!i - [/ (10) 

v/herc 11 is the centre of mass energy, 

Ihe resonance state is predominantly a I = 3/2 

state. I = i state contribution is supposed to he small, 

I'he formula (10) fits quite nicely with the observed peaks, 

51 

3,J. Jirovm has mentioned about the experiment done by Hinks, 
wlK.-rc ho !..os observed some more peaks. Theqe are also oonsis- 
tent ',\rith our formula, 

'I’he o'^me formula also holds good for the reaction 2 
where p is the mass of the IC meson and M is the mass of a 
K-N resonance (I = |j-). 

Now we supply the ssjae teclmique for the reaction 5. 
The corresponding diagram is given in fig,|9. The- essential 
difference of this process from the reaction 1 is that Z is a 
1 = 0 boson or a photon. When Z is a isosinglet boson the 
resonance state is a I = "2 state, Por the photon exchange 
there can be a I = 3/2 state also. But, this will be very 
small, fe supply adequate form factors (formreaction 1 it is 
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5’errai‘i-Selleri form factors) to msOce the integral oonvergent 
,rc . all uL'j prescriptions as in. the case of reaction 1, 

li.!'.,.-,!. ui:'., oeaics tor this reaction will "be given "by 

= 6m^ + 3 H 2 ^ (U) 

In tahlo 3 hellow ?;e give the positions of the peahs for the 
differen'; final state particles. 

'Uq believe that the contributions from diagram 1 
and 2 along with tho nucleon exchange diagrams should be 
good approximations for the corresponding reactions. 

Ithough the nuoleon exchange mechanism^^”*^®’^^ have been 
able to explain many features, it has failed oompltely to 
explain energy dependence. Better nucleon exchange 

models have to be tried before a unified version is attempted, 

Finally, we must point out that the existence of 

the pe-ls in these reactions can also be infered from the 

91 

absorijtion models and with the help of impulse approxi-** 
motion.^ In the absorption model the Born matrix elements 
are modified with the corresponding initial and final state 
matrix elements. In reaction 1, for etample, we will have 
a multiplicative factor with the matrix element for 

+ d->* n;'^ + d. ' Through impulse approximation, this can be 
related to scattering cross section which contains many 

pc ales. As a result, we will have peals in the cross section 


of reaction 1 
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TABLE III 

Pooiticn of peaJ^s for differe nt final state paxtioles 

X Position of the GontriButing resonance 

pe.ak (¥) 




3.438 

3.487 

3.714 

4.431 

5.130 


IT 1 (1470) 
(1525) 

-'k ® 

N 1 (1688) 

E i (2200) 

I 1 (2650) 


V)(549) 




3.355 

3.406 

3.638 

4.367 

5.075 


I 1 (1470) 

^ "S' 

N i (1525) 
4f ® 

B i (1688) 

H 1 (2200) 

sL.' ^ 

B 1 (2650) 

"S' 


1^(1070) 4.169 

4.905 





^^(783) 

4.296 

B 1 (2200) 

4c ^ 

IT 1 (2650) 

~2 


5.013 




f (770) 

4.30 

5.017 

B 1 (2200) 

B 1 (2650) 

"S’ 


B i (2650) 
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CHAPTEE VII 
COEOLIISIOE 

In tliis thesis we have considered several reactions 
which involve deuterons and He^, The prime motivation was 
to treat deuteron and He^ as single particles rather than 
systems of particles. These reactions have been described 
separately where we have also mentioned the successes gnd 
failures of this approach. To conclude, however, we make a 
few general observations. 

The theoretical results we have obtained are in fair 
agreement with the available experimental findings. The 
backv/ard cross section for the reaction p+d->He®+'n;'^ shows 
slight increase with energy. Although no experimental data 
are available for this region we do not anticipate this 
increase. Similar results were also reported previously 
for the reaction p+p Hov/ever, the (backward) energy 
dependence is quite good for elastic cross section. The 
results of Chapter YI are most interesting. We predict the 
positions of the peaks for the reactions, p+p-^d+m , 
d+k~?s- p+/\ and p+d He^+X without assuming the existence 
of two or three baryon resonances. The experimental results 
are available for the reaction p+p d+Tc"^ and these are 
consistent with our results. 

Thus we have been partly successful in describing 
comoosite particles like deuteron and He® as single particles 
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like p .and A. , There have been arguments in favour of 

1 ' 

giving e.qiial status for all particles. The approach we 
have pursued may not he in itself enough to prove it, hut 
the results we have obtained are sufficient* to keep our 
interests alive and undertake further investigations. 
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APPENDIX 

MOBE ABOUT npd VERIEX 

In this appendix we will first discnss the npd 
vertex derived hy Mathews and Deo.^^ ¥e will utilise their 
result to obtain a more general vertex which goes to 
Blahkenhecl'er, Goldherger, Halpern^^ vertex in the neighbour- 
hood of the pole. When the intermediate particle is exactly 
on the mass shell this result coincides with the result of 
Deo, Mathews and Blanhenbeo^er, Goldberger, Halpem. At 
the end ?re show the explicit relation between the form 
factor and the deuteron wavefimction. 

Pfi 

Al. Mathews- Deo Vertex 

Mathews and Deo write down the ' dnp vertex as 

” (zi) [g],(Y.§) + S2 (?•§)] ^ C?) (^) 

where u and v are particle and antip article spinors re spec t- 
ively^g^ and gg are real constants and are determined in the 
following manner. 

Assuming '.that m^ 4- m^, the matrix elements can 

be calculated for the process d-> n+p in different spin 
states. This can be done in two ways - directly from 
vertex Al and by Clebsch-Gordan coefficients in terms -of 
tvro amplitudes f^ and f^. These f^ and f^ can, in turn, be 
related to parameters of asymtotio non— relativistic 
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Schroe dinger wave fnnct ion. By equating the results from 
these two methods they obtained 


where 


g. = 4 -tc [ ] 




(a^ 

s 1^2 




B E 
P ^ 


(Vn^q^)(VV 


X (a 


a. 35’^l'„+q‘ 


£-iL 


s 


rs 


(A2) 


Ep = (V - V “ V)/2M4 

= (V - V - ”p' 

Jp = [(Mj + m^,)" - 

V - 

4® = [n= - CMj + nip)^] [n^ - (M^ - n^)']/4H^* (A?) 

and a^ are defined in Chapter III, equation 25. 

A2. Generalised Vertex 

Instead of equation AX we can also write 


with 


u(n) (y.d + M^) [G^(y.^) + ^2 (^*S)3 ^ (p) 

(A4) 


1, = . n„ + d„ 

P M 2 P 
d 


(A5) 


On the mass shell (A4) reduces to (Al) 
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with 


gg = 2 


Cl6) 


G = _A_( a + 

^ 2M. ® f2 ^ 


3(F V'l^) 


^2 


A = ) 

E E -. 

P ^ 


n" d s2 1 


E E^+q^ 
p n ^ 


(A7) 


Then the vertex function heoomes (apart from a multiplicative 
oonstant) 


A. 


(n) (Y.d + M,) [(a + ~) (y.g) + — 

Cl ® f2 ^ f2M,^ 


(y.k) (k.g).]v (p) (A8) 


where 


k" = - 


Here we ?;ish to point out that the pole at q® - 0 is 
not to be found any more, 

23 

A3. Blankenbeo ter , Goldberger and Halpern Vertex 


Close to the pole we have 


~ P 


0 
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u (n) (Y.d+M,)[(l+ ”) (y.§) - v(p) 

^ ^2 f 2 k® , 

(A9) 

A4. Form Factor And Deuteron Wavefmotion 

We Q3XL separate the spin part of the vertex and 
write p = HS, H oan he written as^^ 

H = <9(r)| V (r)j (AlO) 

The Sohroe dinger equation now reads as 

[ - (r)] 9 (r) = - B 9 (r) (All) 

So that 

H = - I <^9 (r) I 
= - I (a"+q") <^9 (^) I 

which is equal to 

(a^ + q^) 9 (q^) apart from a multiplicative 
constant, 9(q^) is the Fourier transform of the deuteron 
wave function. 

Thus we have oorelated the form factor with deuteron 


wave function. 
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